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Abstract for SF298

The purpose of this research is to develop a non-invasive predictor of malignancy in
breast tumours through the design and preliminary validation of a new form of magnetic
resonance imaging (MRI). The hypothesis is that the spatial distribution of
microvasculature around a solid breast lesion is specific for malignancy and can be
reliably measured at high resolution by a completely non-invasive, non-contrast-
enhanced MRI method. This hypothesis will be tested by achieving the following

technical objectives:

1) Design/building/testing of ultra-high-strength gradient coils for human breast imaging
at 4T.

2) Design/implementation/testing of MR pulse sequences for selective mapping of
microvascular parameters.

3) Evaluation of the correlation of MR-derived microvascular parameters with true

microvessel density in a mouse model of human breast cancer.

In order to test this model in animals, a new, extremely high strength gradient coil was
required. A mouse-sized gradient coil has been designed with gradient strengths
exceeding 2000mT/m, approximately 50 to 100 times stronger than typically found on
clinical MRI systems. An MR pulse sequence that allows non-contrast-enhanced
imaging through the use of diffusion weighting has been implemented and is currently
being tested on our 4T MRI system. A computer program has been written that allows

automated analysis of the images.

The significance of this research is that, with relatively low-cost hardware and software
modifications to whole-body MR imaging equipment, it should be possible to detect,

diagnose, and provide much improved prognosis of lesions suspected to be breast cancer.
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Introduction

X-ray mammography is currently the clinically accepted modality for breast cancer
screening. Mammography, however, is particularly unreliable and recent trials have
shown that 70-80% of mammographically indeterminate lesions that progress to surgical
biopsy are benign.'* Development of an accurate, non-invasive imaging test with low
false negative rates would allow reduction of the two step process of surgical biopsy
followed by surgical lesion removal to a single step, as well as providing a tool for
guiding treatment decisions. It may be possible to achieve this through the development
of a non-invasive technique that measures microvessel density. Tumour progression is
known to be dependent on the ability to stimulate the growth of new blood vessels that
supply nutrients and oxygen to the expanding tumour. Based on recent studies that
indicate that the onset of angiogenesis can occur before a tumour reaches its maximum
diffusion-limited growth potential (1-2 mm diameter) and may occur well before the

switch to a malignant phenotype,” "

it has been hypothesized that the characteristic new
vessel growth associated with tumour angiogenesis should allow differentiation between
malignant and benign breast lesions.'®*' The purpose of this research is to develop a
non-invasive predictor of malignancy through the design and preliminary validation of a
new form of magnetic resonance imaging (MRI) called the IntraVoxel Incoherent Motion
(IVIM) method which utilises high main magnetic field strength and ultra-strong
magnetic field gradients. This technology will permit completely non-invasive,

quantitative characterization of tumour microvasculature at high spatial resolution over

the entire breast.




Body

Hardware Development

An high strength gradient coil has been designed. Because we plan to test our
hypothesis in a mouse model, the gradient coil was constructed with an inner diameter of
Sem which is ideal for mice. Gradient strengths achieved with this coil exceeded
2000mT/m, which is 50 to 100 times stronger than typical clinical MRI systems. It was
found that wire density and power dissipation considerations required that the coil be
constructed in a multilayer configuration. Details regarding the design and construction

of the coil are given in the abstract in Appendix I.

Pulse Sequence Development

The IVIM pulse sequence has been designed based on a standard diffusion
weighted imaging sequence. The sequence consists of a spin echo planar imaging
sequence with the addition of strong magnetic field gradients that cause the contrast in
the images to be weighted based on the diffusion of water in the microvascular and extra-
vascular compartments. We have incorporated a navigator echo in the pulse sequence.
This echo allows post-acquisition correction of the images for small scale motion of the
object being imaged. The sequence has been tested on a phantom that is a spherical
container (13cm diameter) filled with water and metabolites normally found in the human
brain. Sample images are shown in Appendix II showing the expected decrease in signal
intensity with increasing b-values. The sequence is currently being tested to determine
the effects of eddy currents and large scale motion on the images. Bipolar diffusion
gradients and respiratory gating are being examined as a means of reducing image

artifacts due to eddy currents and motion of the animal.

A computer program has been written in an interactive windows environment that
allows analysis of the diffusion weighted images obtained with the IVIM pulse sequence.

Presently, the program allows calculation of the diffusion coefficients of selected regions




of interest within the images. The program has been tested and validated by using two
sets of simulated images as input. This data was simulated with four b-values ranging
from 0 to 1985 s/mm” and diffusion coefficients equal to 2.2x10” mm?/s and
0.5x10° mm%s. Values of the diffusion coefficients and chi squared deviations
determined by the computer program were 2.21+0.06x10° mm%*s and

0.50+0.08x10"° mm?/s.

The pulse sequence and computer program will be further tested and validated
using phantoms containing substances with known diffusion coefficients as well as by
imaging the human brain in areas where diffusion coefficients are well documented.?
Efforts are underway to include multi-step phase contrast and Fourier velocity spectrum

data processing capabilities to the computer program.

Validation of Microvascular Imaging

This portion of the study was projected to begin in month 18 (December 1999).
Preliminary investigation of animal models of human breast cancer have begun and
contacts have been made with animal suppliers. We expected this portion of the study to

begin at the scheduled time.

Key Research Accomplishments

o Design of a mouse-sized gradient coil with gradient strengths that exceed 2000mT/m.

(Approximately 50 to 100 times higher than typical clinical MRI systems.)

o Implementation of a fast MR pulse sequence that will allow acquisition of diffusion

weighted images. Initial tests of the sequence have been performed.

e Design and coding of a computer program that will allow automated analysis of the

diffusion weighted images for the calculation of the diffusion coefficients.




Reportable Qutcomes

An oral presentation was given at the International Society of Magnetic Resonance in
Medicine Seventh Scientific Meeting and Exhibition. The abstract (given in Appendix I)
for the meeting was published:

Chronik BA, Alejski A, Rutt BK. A 2000mT/m Multilayer Gradient Coil for Mouse
Imaging. Proc ISMRM 7:469 (1999).

A post-doctoral fellowship to perform the research supported by this grant was awarded
to Dr. Paula Gareau by the Department of Defense Breast Cancer Research Program of
the United States Army Medical Research and Materiel Command. Grant Number
BC980729.

Conclusions

We have designed a mouse-sized gradient coil with gradient strengths
approximately 50 to 100 times higher than typical clinical MRI systems. Based on wire
density and power dissipation considerations, we have concluded that small coils with
high gradient strengths, such as those required for high resolution IVIM imaging, require
multilayer configurations. The design for the mouse-sized coil constructed here should
be scalable to a breast-sized coil. Such a coil will allow imaging of the human breast at
resolutions that until now have been unattainable, thus allowing visualisation of very

small lesions within the breast.

An MR pulse sequence has been implemented on our 4T MRI system that will allow
us to acquire IVIM images. Further testing of this sequence is required before

conclusions can be drawn regarding its use in the diagnosis of breast lesions.




References

1.

10.

11.

12.

Williams SM, Kaplan PA, Petersen JC, Lieberman RP. Mammography in women
under age 30: Is there clinical benefit? Radiology 161:49-51, (1986).

Ciatto S, Cataliotti L, Distante V. Nonpalpable lesions detected with mammography:
Review of 512 consecutive cases. Radiology 165:99-102 (1987).

. Dershaw DD, Shank B, Reisinger S. Mammographic findings after breast cancer

treatment with local excision and definitive irradiation. Radiology 164:455-461
(1987).

Rosen PP, Braun DW, Kinne DG. The clinical significance of breast cancer. Cancer
46:919-929 (1980).

. Folkman J. What is the evidence that tumors are angiogenesis dependent? JNCI

82:4-6 (1990).

. Sutherland RM, McCredie JA, Inch WR. Growth of multicell spheroids in tissue

culture as a model of nodular carcinomas. JNCI 46:113-120 (1971).

Folkman J, Hochberg M. Self-regulation of growth in three dimensions. J Exp Med
138:745-753 (1973).

. Sutherland RM. Cell and environment interactions in tumour microregions: The

multicell spheroid model. Science 240:177-184 (1988).
Folkman J. Angiogenesis and breast cancer. J Clin Oncol 12:441-443 (1994).

Guidi AJ, Fischer L, Harris JR, Schnitt SJ. Microvessel density and distribution in
ductal carcinoma in situr of the breast. JNCI 86:614-619 (1994).

Bose S, Lesseer ML, Norton L, Rosen PP. Immunophenotype of intraductal
carcinoma. Arch Pathol Lab Med 110:81-85 (1996).

Chodak GW, Haudenschild C, Gittes RF, Folkman J. Angiogenic activity as a
marker of neoplastic and preneoplastic lesions of the human bladder. Ann Surg
192:762-771 (1980).

10




13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Jensen HM, Chen I, DeVault MR, Lewis AE. Angiogenesis induced by “normal”
human breast tissue: A probably marker for precancer. Science 218:293-295 (1982).

Ziche M, Gullino PM. Angiogenesis and neoplastic progression in vitro. JNCI
69:483-487 (1982).

Folkman J, Watson K, Ingber D, Hanahan D. Induction of angiogenesis during
transition from hyperplasia to neoplasia. Nature 339:58-61 (1989).

Lawson RN. Implications of surface temperatures in the diagnosis of breast cancer.
Can Med Ass J 75:309-310 (1956).

Sterns EE, Curtis A, Miller S. Thermography in breast diagnosis. Cancer 50:323-
325 (1982).

Amalric R, Girand D, Thommasin L. The persistently abnormal isolated infrared
thermogram: The highest known risk of breast cancer. Acta Thermographia 3:118-
124 (1982).

El Yousef SJ. MRI of the breast. Radiology 150:761-766 (1984).

Heywang SH, Wolf A, Pruss E, Hilbertz T, Eiermann W, Permanetter W. MRI of the
breast with Gd-DTPA: Use and limitations. Radiology 171:95-103 (1989).

Burns PN, Halliwell M, Wells PN, Webb AJ. Ultrasonic doppler studies of the
breast. Ultrasound in Medicine and Biology 8:127-143 (1982).

Bammer R, Stollberger R, Augustin M, Simbrunner J, Offenbacher H, Kooijman H,
Ropele S, Kapeller P, Wach P, Ebner F, Fazekas F. Diffusion-weighted imaging with
navigated interleaved echo-planar imaging and a conventional gradient system.
Radiology 211:799-806 (1999).

11



Appendix 1

PROCEEDINGS

of the

International Society for
Magnetic Resonance in Medicine

SEVENTH SCIENTIFIC
MEETING AND EXHIBITION

Philadelphia, Pennsylvania, USA
22 - 28 May 1999

Volume 1

ISSN 1524-6965
12




Proc. Intl. Soc. Magn. Reson. Med. 7 (1999)

A 2000mT/m Multilayer Gradient Coil for Mouse Imaging

‘ Blaine A. Chronik!'?, Andrew Alej ski?, and Brian K. Rutt!%3
Depts. of I Physics and Astronomy, 2Diagnostic Radiology, University of Western Ontario
3Imaging Research Laboratories, John P. Robarts Research Institute, London, ON, CANADA N64 5K8

INTRODUCTION:

Application of advanced, high resolution, high-
speed imaging methods in small animals requires the
use of extremely high gradient strengths. Here, we
discuss the theory and practical issues involved in
achieving strengths exceeding 2000mT/m for mouse-
sized (inner diameter Scm) gradient coils. A primary
conclusion is that wire density and power dissipation
considerations require that such coils be constructed in
multilayer configurations.

DESIGN AND FABRICATION:
The scaling laws for changing the dimensions of

a single layer wire pattern in the cases of fixed number

of wires (N) or a fixed maximum wire density (6,,) can
be shown to be:

for N fixed:
T o< a2 Leca o, <a’! ATeca™
for o, fixed:
nea’ L o a3 Ne<a AT o< a

where 1 is the gradient efficiency (gradient produced
per unit current), L is the inductance, AT the
temperature change within the coil, and ‘a’ is the
radius. These expressions show that a typical whole
body coil design of radius 30cm, producing 20mT/m
(I=200A) with L=1200uH could simply be scaled down
(at constant N) to a radius of 3cm and produce 2000mT/
m with L=120uH; however, the wire density would
increase ten times and the temperature by one thousand
times. On the other hand, scaling at constant 6, would
not result in the required gradient strength. In either
scenario, single layer approaches are impractical and
multilayer designs must be investigated.

We have developed methods of fabricating wire
patterns at maximum winding densities of 8-10 wires
per cm with rectangular cross section wire (0.8x3.5mm)
capable of carrying 200A. Based upon our experience,
a layer thickness of 7mm is required to wind this

ax2 = 5.575¢cm

ay2 = 4.875¢cm
azl =4.175cm
ayl =3.475¢cm
ax1 =2.775cm

XYZYX

469

rectangular wire “on end” as well as making
connections and return paths. The inner diameter of the
finished coil was set at Scm, which made the winding
radius of the first layer 2.775cm and the radii for each
successive layer incrementing by 7mm. The design for
each layer was obtained using constrained current
minimum inductance methods[1] and each produces a
region of 1% uniformity over a 15mm diameter
spherical volume. Because of the inherently high
efficiencies of longitudinal designs from this method,
the GZ axis (W=I1mT/m/A, L=120uH) could be
constructed on one layer with a winding density of 10
wires/cm at a radius of 4.175cm; therefore, only five
layers were required for the entire coil and all possible
combinations of grouping the four transverse layers into
GX and GY coil axes were modeled.

The results of three representative layer
orderings are summarized in table 1. Interleaving the
GX and GY axis layers is clearly necessary to obtain
balanced axes. The optimal five layer configuration for
this application was chosen to be the XYZYX ordering
as depicted in figure 1. Although several kW of power
per axis may be dissipated during extreme applications,
it is our experience that this can be handled with a
forced water cooling system.

Table 1: Results for Layer Orderings

Ordering M [mTva] | L [uH] R (mQ]
X 15.0 60 139 |
XXZYY gY 8.1 259 458
. 4 261
Xvaxy L
G . 21 345
XVOYX oy T
DISCUSSION:

The challenge in designing small, high strength
gradient coils is rooted in the fact that multilayer axes
are required; therefore, interleaving strategies must be
investigated and the problem of designing the complete
coil cannot be broken down one axis at a time. The
problems of power deposition in single axes of very
small coil designs has been discussed before[2]; the
novelty in our work is the demonstration of this
complete three axis multilayer design compatible with
clinical gradient amplifiers and we expect that this will
be an important tool in many future mouse and
specimen experiments.

REFERENCES:

1. B.Chronik, B.Rutt, MRM,39:270-278(1998).
2. R.Bowtell, P.Robyr, Proc. ISMRM, 5, 55 (1997).



Appendix 11

b= 0.0 s/mm? b = 68 s/mm?>

b=311 s/mm> b =610 s/mm’

Diffusion weighted images of a spherical phantom (13cm diameter) filled with water and
metabolites normally found in the human brain. The images show decreasing signal

intensity with increasing b-values, as expected.




